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Abstract 
The present work describes the mathematical basis of a computer code for the analysis of PUREX flowsheet. The model 
equations have been developed on the basis of the idealized model for mixer settlers. The distribution coefficients relations 
for U(VI), U(IV), Pu(IV), Pu(III), Ru & Zr and the redox reactions rates of the species involved in U/Pu partitioning are 
incorporated. The validity of the model equations is tested by carrying out experiments in an ejector mixer-settler with 
simulated solutions. The stage-wise experimental concentration profiles compare well with the theoretical predictions. An 
optimum flowsheet for FBR fuels reprocessing has been proposed. 
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1. Introduction 
Reprocessing of spent nuclear fuel is indispensable for the economic use of uranium in nuclear energy 
production and has been used industrially for more than five decades. These processes involve the use of an 
extractant and diluent for separation of the reusable actinides from the unwanted fission products. The most 
widely used PUREX process employs tri-butyl phosphate TBP diluted with hydrocarbon. In this process uranium 
and plutonium are co-extracted into organic solvent in the first extraction cycle where most of the fission 
products remain in the aqueous phase called, raffinate. However, two elements, zirconium and ruthenium play 
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important role in limiting the decontamination of products in this process. This is primarily because, the 
extraction behaviour of zirconium and ruthenium are complex and the fact that they behave quite opposite with 
respect to acidities which makes it difficult to achieve the required separation. The difficulties are more 
pronounced for the fast reactor spent fuels where the concentrations of these fission products are high especially 
when the spent fuel is to be reprocessed within two years’ of its discharge from the reactor. 
The 95Zr - 95Nb pair is responsible for the majority of gamma activity of dissolver solution and it contributes to 
around 1% of the total activity for a typical FBR fuel with 6 month’s cooling. 95Zr is to be considered while 
designing the solvent extraction flowsheet for the reprocessing of FBR fuels with a cooling period of around two 
years since its half-life is only 65 days. The fission yield of ruthenium is about 5%. Around 20% of the total 
activity is due to 106Ru for a typical 28% Pu containing MOX fuel driven fast reactors with an average burn-up of 
around 81 GWd/t cooled for six months. As the half-life of 106Ru is around a year, the decontamination required 
for Ru is high even for fuels with around 2-years cooling.  
There are considerable amount of work presented in the literature dealing with extraction chemistry of 
zirconium [1-3] and ruthenium [4-7] but no suitable correlations for ruthenium and zirconium for estimating the 
distribution coefficients are available in open literature which can be used in PUREX flowsheet simulation for 
incorporation in a computer code. Hence, distribution ratio measurements were made based on the experiments 
conducted with plant solutions and incorporated in the modified version of computer code developed by the 
reprocessing of group of IGCAR. The computer code PUSEP (ver-2) was validated with the experimental results 
of mixer settler mass transfer run with simulated solutions and zirconium and ruthenium [8]. The present work 
describes the experiments conducted in a proto type 20-stage ejector mixer-settler with simulated plant solutions 
containing uranium, plutonium, nitric acid, ruthenium and zirconium. 
Nomenclature 
A Aqueous flow rate, L/hr 
D Distribution coefficient 
ha Volume of aqueous phase in mixer, L 
ho Volume of organic phase in mixer, L 
Ha Volume of aqueous phase in settler, L 
Ho Volume of organic phase in settler, L 
K Apparent equilibrium constant 
O Organic flow rate, L/hr 
¦ram Net rate of reaction of solute in aqueous phase of mixer, mol L-1 hr-1
¦rom Net rate of reaction of solute in organic phase of mixer, mol L-1 hr-1
¦ra Net rate of reaction of solute in aqueous phase of settler, mol L-1 hr-1
¦ro Net rate of reaction of solute in organic phase of settler, mol L-1 hr-1
t Time, hr 
Vm Volume of mixer, L 
Vs Volume of settler, L 
X  Solute concentration in aqueous phase, mol/L [subscript ‘m’ refers to mixer] 
Y  Solute concentration in organic phase, mol/L 
[TBP]o Initial TBP concentration, mol L
-1
[TBP]f Free TBP concentration, mol L
-1
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2. Modeling and Simulation of PUREX Flowsheet 
The process flowsheet development used in fast reactor reprocessing plant at IGCAR is based on computer 
simulation, laboratory studies and flowsheet tests in glove boxes using lab scale mixer-settlers. Our developed 
computer code for the PUREX flowsheet can estimate the concentration profiles of nitric acid, uranium, 
plutonium, zirconium and ruthenium in a stage-wise contactor under the various operating conditions. Details 
about the simulation code are described in our previous publications [9]. Only outline of the computer code with 
extra features is described here. Material balance equations based on an idealized model for mixer-settlers can be 
written as, 
Mass balance equation for mixer 
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At distribution equilibrium between phases, 
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Equation (5) is substituted into equation (4) to eliminate Yj
* and provide the following equation in Y, 
1jjjjjmj Y)E1(EXDY  (6) 
The above equations are used in the computational algorithm for a single stage of mixer-settler bank. These 
unsteady mass balance equations are solved numerically in order to obtain concentration profile around the stages 
of mixer-settler. Distribution coefficient correlations of SEPHIS-MOD4 [10] and Geldard et al. [11] (for U(VI), 
U(IV), Pu(IV), Pu(III) and HNO3) are found to be reasonably satisfactory and are used for the estimation of 
distribution coefficients of the species in the present work. Moreover, based on our experiment data we obtained 
the distribution coefficient correlations [given in Eqs. (7 & 9)] for zirconium and ruthenium [11] and they are 
incorporated in the distribution ratio provider subroutine of the code PUSEP (ver 2). 
2
f
*
ZrZr ]TBP[KD  (7) 
It is assumed that )Kln( *Zr can be expressed as polynomial in total aqueous nitrate salting strength as,  
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Similarly, distribution ratio of ruthenium is modeled as, 
2
f
*
RuRu ]TBP[KD  (9) 
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Ru a]NO[a]NO[a]NO[a)Kln(  
 (10) 
Table 1 Values of empirical constants ai of Eqs. (8) & (10) 
Empirical constant  a1 a2 a3 a4
Eq. (8 ) 0.2682 -0.6359 0.4853 ---- 
Eq. (10) -0.0691 0.8356 -2.3672 0.9165 
The following redox reactions have been incorporated in the developed computer code, 
Redox reactions
   4H2PuUOO2H2PuU 3222
44
 n  2HN2NH2PuH2N2Pu 24
3
52
4
   4H2PuUOO2H2PuU 3222
44
 n  2HN2NH2PuH2N2Pu 24
3
52
4
O2H  U2e4HUO 2
42
2  

   34   PuePu
  ePuPu 43
3. Formulations of Flowsheets 
The computer code (PUSEP) based on model Eqs. (1 & 3) have been validated with uranium reduction in a 
multistage mixer settler [9]. This code was upgraded by incorporating distribution relations of zirconium and 
ruthenium and stage efficiency factor in it [i.e., PUSEP (Ver-2)]. Formulation of solvent extraction flowsheets for 
purification and separation of uranium and plutonium is carried out based on PUSEP (ver-2) computer code. 
Typical concentration of FBR spent fuels are taken as feed inputs. The allowable product contamination due to 
zirconium and ruthenium are derived based on the concentration of radioactive species of zirconium and 
ruthenium. Typical maximum concentration of these nuclides in the product are Zr < 210 mg/kg of Pu and < 2.38 
mg/kg of U; Ru < 2940 mg/kg of Pu and < 14.7 mg/kg of U. 
Fig. 1 Proposed purification flowsheet Fig.2 Proposed separation flowsheet (U/Pu separation) 
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The flowsheet design also involves the issues of third phase formation due to excessive plutonium loading in 
the solvent, polymerization of plutonium due to low acidity and shall also be able of demonstrating flexibility for 
possible upsets of flow rates of various streams. The proposed flowsheet for the extraction and separation 
(partitioning of U/Pu) section are given in Fig. 1 & 2 respectively. Uranous is chosen as the reductant for U/Pu 
separation from considerations of not using any extraneous chemicals such as ferrous sulphamate, hydroxylamine 
nitrate etc. In-situ electrolysis was not adopted to avoid engineering complication of introducing electrodes. 
About 2.5 times the stoichiometric quantity was taken for reduction as there will be inefficient reduction of 
plutonium in mixer settler as well as to take care of lower stage efficiencies. Uranous was introduced as multiple 
locations (three locations) based on the plutonium concentration at that location. 
 
Fig. 3 Comparison of experimental and calculated profile of 
ruthenium in stages of mixer settler
Fig. 4 Comparison of experimental and calculated profile of 
zirconium in stages of mixer settler
 
Fig.5 Concentration profile of plutonium during extraction 
(experimental vs predicted) 
Fig.6 Concentration profile of uranium during extraction-
(experimental vs predicted)
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3.1 Experimental Validation of Proposed Flowsheets 
To validate the extraction and partitioning flowsheet, a 20 stage mini-mixer settler bank was designed, 
fabricated and implemented in a glove box. The stage hold-up of one stage is 35 mL with a mixer volume of 10 
mL and settler volume of 25 mL. The hold -up of the mixer-settler unit is approximately 700 mL. A detail of 
working principle of mixer settler unit is described elsewhere [8]. Around 10 times the hold-up is processed 
before taking the stage samples. One set of purification experiments were conducted with Zr and Ru without U 
and Pu while other set of experiments were conducted with only U and Pu without Zr and Ru. This is primarily to 
overcome the difficulties of analysis. The purified organic product was taken as the input feed for the separation 
flowsheet experiments. Comparisons between experimental and predicted concentration profiles for extraction 
run are shown in Figs. 3 to 8 and they compare well. 
The recoveries of U and Pu is found to be >99.99%. Comparisons between experimental and predicted 
concentration profiles for U/Pu separation run are shown Fig. 7 and 8.  
 
Fig. 7 Concentration profile of Pu(III) (exp. vs predicted Fig. 8 Concentration profile of U (exp. vs predicted)
From the experimental results (Fig 3 and 4) it was observed that in the purification cycle, the contamination of 
Zr is found to be less than 0.6 mg/kg of (U+Pu) while that of ruthenium is less than 7 mg/kg (U+Pu). The values 
reported are seemingly high due to difficulties in detection and they are based on below detection levels. Also, 
since uranium and plutonium are not loaded in the organic, salting out effect is not there and hence the actual 
plant conditions the contamination levels would be much lower. From Fig 5 it is seen that there is no refluxing of 
plutonium which would lead to third phase formation. The maximum concentration of plutonium in the loaded 
organic is less than 35 gpl which less than the limit for the third phase formation.  
From Fig 7 and 8, it is found that the contamination of uranium in aqueous plutonium product is < 100 mg/kg 
of plutonium. Fine-tuning of flowsheet parameters would reduce the contamination levels. High uranium 
contamination (as high as 40%) is found in the plutonium product. This contamination levels is permissible for 
the fast reactor fuel as this goes for re-fabrication as mixed oxide fuel. Still reducing the uranous consumption 
would enable reduced uranium contamination in the plutonium product. 3 
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4. Conclusions 
The present work describes the mathematical basis for a computer code for the analysis of PUREX flowsheet 
and the model equations that have been developed on the basis of the idealized model for mixer settlers. The 
distribution coefficients relations for uranium and plutonium as well as the models developed for Ru and Zr and 
the redox reactions are incorporated in the code. Using the developed computer code, the purification and 
separation flowsheets were analysed. Concentration profiles of uranium and plutonium of purification flowsheet 
were generated with various parameters to analyse their sensitivity.  
New solvent extraction flowsheets, for purification and separation of uranium and plutonium for fast reactor 
spent fuels, based on the published literature and the study of the chemistry of various nuclides in the system, 
were proposed. The purification and separation flowsheets of the fast reactor fuel reprocessing, have been 
experimentally verified in a 20-stage ejector mixer-settler with simulated plant solutions. It is found that the 
proposed flowsheet met the desired objective which can be implemented for the solvent extraction of fast reactor 
spent fuel reprocessing. 
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